Lymphopenia (, 1Giga/L) detected before initiation of chemotherapy is a predictive factor for death in metastatic solid tumors. Combinatorial T cell repertoire (TCR) diversity was investigated and tested either alone or in combination with lymphopenia as a prognostic factor at diagnosis for overall survival (OS) in metastatic breast cancer (MBC) patients. The combinatorial TCR diversity was measured by semi quantitative multi-N-plex PCR on blood samples before the initiation of the first line chemotherapy in a development (n = 66) and validation (n = 67) MBC patient cohorts. A prognostic score, combining lymphocyte count and TCR diversity was evaluated. Univariate and multivariate analyses of prognostic factors for OS were performed in both cohorts. Lymphopenia and severe restriction of TCR diversity called "divpenia" (diversity # 33%) were independently associated with shorter OS. Lympho-divpenia combining lymphopenia and severe divpenia accurately identified patients with poor OS in both cohorts (7.6 and 10.6 vs 24.5 and 22.9 mo). In multivariate analysis including other prognostic clinical factors, lympho-divpenia was found to be an independent prognostic factor in the pooled cohort (p = 0.005) along with lack of HER2 and hormonal receptors expression (p = 0.011) and anemia (p = 0.009). Lympho-divpenia is a novel prognostic factor that will be used to improve quality of MBC patients' medical care.
Introduction
Numerous studies have shown an impact of immune system status on cancer patients' outcomes. In a series of studies gathering more than 3,000 patients, our group demonstrated that lymphopenia is observed in 20-25% of patients with advanced cancers, including 20% of untreated metastatic breast cancer (MBC) patients. [1] [2] [3] [4] All lymphocyte compartments are affected including CD4 + and CD8 + T lymphocytes, NK cells, and B lymphocytes. 3 Importantly, in MBC patients lymphopenia in combination with PS . 1, is associated with a 20% risk of early death at 1 mo and 50% risk at 3 mo. 3, 5, 6 In addition, lymphopenia is also associated with an increased risk of disease progression and worse long-term survival in three prospectively collected series of patients with MBC at first line, along with non-Hodgkin lymphoma, and soft tissue sarcomas. 6 Several studies have shown the presence and function of immune cells in solid tumors that may promote both humoral and cellular antitumor immune responses, contributing to tumor control. Indeed, high numbers of CD8 + T cells infiltrating breast tumor predict favorable clinical outcome. 7 However, tumors develop escape mechanisms including production of immunosuppressive cytokines, alteration of dendritic cell subsets differentiation or function, [8] [9] [10] and recruitment of immunosuppressive regulatory T-cells (Treg). 11, 12 The recent success of immunotherapy based on anti CTLA-4 antibodies inducing increased overall survival (OS) 13 in advanced melanoma confirms the relevance of T cell based anti tumor immunity (for review, see ref. 14) and suggests that education and activation of immune system could promote tumor control.
The T-cell receptor (TCR) combinatorial diversity results from mechanisms by which exons encoding TCR variable regions are assembled in developing T lymphocytes from germline variable (V), diversity (D), and joining (J) gene segments. 15, 16 Genomic V(D)J rearrangements leading to combinatorial diversity is of fundamental importance for the generation of diverse antigen [17] [18] [19] Several studies demonstrate the importance of this diversity in infectious diseases and in anti-tumor responses. Indeed, constriction of the immune TCR repertoire has been associated with progression in AIDS. 20 In melanoma, a progressive widening of the repertoire diversity under chemoimmunotherapy treatment was accompanied by high avidity and tumor reactivity of Melan-A-specific T-cell clones. 21 The objective of this study was to assess the impact of the quality of the immune system in MBC patients' outcomes. Here we demonstrate that a composite score called NDL (Numeration and Diversity of Lymphocytes), combining lymphocyte count and TCR diversity, allowed the identification of a subgroup of MBC patients with poor outcome.
Results
Patients' characteristics. Table 1 describes the patients' characteristics in cohorts A and B. Both cohorts were similar except for higher proportion of triple negative (TN) MBC patients in cohort B (22% vs. 8%). None of the patients of cohort A was treated with bevacizumab, whereas 39% of patients from cohort B received bevacizumab-based chemotherapy. All patients with overexpressing HER2/Neu tumors were treated with trastuzumab-based chemotherapy. Median follow-up was respectively 18.8 and 14.3 mo in the cohort A and B.
Prognostic value of lymphopenia. In univariate analysis ( Table 2) , PS . 1 (p = 0.03), liver metastasis (p = 0.02) and hemoglobin , 11.5 g/dL (p = 0?003) were associated with poor prognosis in cohort A, while LDH level was the only prognostic factor in cohort B.
The incidence of lymphopenia (, 1 Giga/L) was 39% and 45% respectively for cohorts A and B higher than in previous series. [1] [2] [3] [4] In both cohorts, lymphopenia was associated with OS, with a median OS of 11.2 and 10.4 mo, vs. 25.1 and 24.5 mo for patients with lymphocyte count $ 1Giga/L, in cohort A and B respectively (Fig. 1A and B) . The difference was statistically significant in cohort B (p = 0.0002) but not in cohort A (p = 0.210).
Prognostic value of low TCR diversity (divpenia). Analysis of TCR diversity on 26 healthy subjects showed a highly homogenous diversity (median = 67%; range [59-77]) (Fig. 1C) In cohort A, divpenia (# 33%) was correlated with low hemoglobin level (55% of divpenic patients had also anemia, p = 0.022, khi-deux Pearson), lymphopenia (50% of divpenic patients were also lymphopenic, p = 0.026). Conversely, in cohort B, divpenia was found associated with age (50% of divpenic patients were $ 60 y old, p = 0.007), number of metastatic sites (p , 10 24 ) and liver metastasis (44% of divpenic patients had liver metastasis, p = 0.027).
In cohort A, divpenia was associated with poor prognosis (p = 0.038) (Fig. 1D) with a median OS of 9.7 mo for divpenic 1E ). Prognostic value of lympho-divpenia. As shown in Figure 2A , within lymphopenic patients, divpenia can identify patients with a reduced median OS (7.6 mo for divpenic patients compared with 24.4 mo for non divpenic patients p = 0.018). However, divpenia had no impact for non-lymphopenic patients (Fig. 2B ).
An interaction between these two variables was demonstrated using a Cox model and the variable (lymphopenia ¾ divpenia) has a stronger impact on OS than the two independently [p = 0.001, HR = 3.108, CI95% (1.573-6.014)].
NDL analysis on healthy subjects showed only non-lymphopenic and non-divpenic subjects (Fig. 3A) . In contrast, MBC patients from cohorts A (Fig. 3B) and B (Fig. 3C) were distributed in all four NDL compartments: a similar low lymphocyte count, was either associated with a low TCR diversity or a diverse TCR repertoire. Conversely, normal lymphocyte count was associated with low TCR diversity or normal diversity. Interestingly, lympho-divpenic patients (NDL score 1) had poor OS in cohort A [median OS was 7.6 mo compared with 24.4 for the non-lympho-divpenic patients (p = 0.0006)] (Fig. 3D ) and cohort B [median OS of 10.6 mo vs 22.9 for the non-lymphodivpenic patients (p = 0.0035)] (Fig. 3E) .
Univariate and multivariate analysis for the pooled cohorts. We pooled patients of cohorts A and B. In univariate analysis, lympho-divpenia appears as the most significant predictive factor of poor prognosis (p , 10 24 ) (Table S1 ) together with PS . 1 (p = 0.0054), anemia (p = 0.0005) and lymphopenia (p = 0.0011). Divpenia tended toward significance (p = 0.073) ( Table S1 ). Median OS of patients with lympho-divpenia was 8.1 mo compared with 23.6 mo for non-lympho-divpenic patients (Fig. 4A) .
Interestingly, segregation of patients according to each NDL score separately beside the small size of each part (Fig. 4B) demonstrated that lympho-divpenia (n = 21) as well as lymphopenia only (n = 32) seems to be of poor prognosis in contrast to divpenia alone (n = 17) or non lymphopenic nor divpenic patients (n = 53).
In multivariate analysis, three factors were independently associated with worse prognosis (2-fold increased hazard ratio of Table 3) .
Discussion
In this study, we showed that lympho-divpenia identified a subgroup of patients particularly at risk of early death (# 8 mo) that appears refractory to standard chemotherapy. Immune status is now emerging as an essential biomarker of the biology of the tumor and its microenvironment with a global impact on patient outcome. On top of the well-documented negative impact of lymphopenia on OS for MBC patients and other advanced solid tumors, 6, 22, 23 these results further demonstrate that TCR diversity is frequently reduced in a subset of MBC patients and that divpenia may be assessed in clinic to better define the treatment strategy.
Added value of the NDL to segregate patients. Lymphocyte count and diversity are the two dimensions required for an efficient immune response. 6, 24 While a minimum number of lymphocytes is required, TCR diversity could reflect the capacity to recognize an antigen.
Lympho-divpenic patients cumulating a low lymphocyte count and a low combinatorial TCR diversity highlighting a profound immunodeficiency present a shorter OS.
Analysis of each NDL score separately suggests that lymphopenia alone is of poorer prognosis than divpenia alone. This observation will be confirmed in a larger cohort of MBC patients under accrual. This will also be evaluated on metastatic lung carcinoma currently enrolled in a prospective clinical trial (LYMPHOS1: NCT01306188) to confirm the prognostic value of lympho-divpenia in diverse clinical situations since we demonstrated that lymphopenia has a negative impact in different solid tumors. 6, 23 Studying immune system will help to propose personalized treatments that would limit toxic effects and improve life expectancy. Indeed, NDL score will allow identification of lympho-divpenic patients that will represent candidate for the development of new strategies aiming at (1) reconstituting a functional immune system prior to chemotherapy treatment or (2) privileging targeted therapies over chemotherapies.
Different molecules have been developed and evaluated for their ability to favor immune T-cells reconstitution. Whereas, IL-2 was known to favor CD4 + T-cell expansion, two clinical trials (SILCAAT and ESPRIT) performed in HIV individuals failed to demonstrate any clinical benefit, perhaps because of a concomitant expansion of Treg endowed with immunosuppressive functions. 25 In contrast, accumulated evidences in clinical trials, indicate the potent lymphopoietic effect of rhIL-7 (CYT107, Cytheris), on both CD4 + and CD8 + T-cells subsets excluding Treg expressing low levels of IL-7Ra receptor. 26 Interestingly, in HAART resistant HIV individuals presenting with low CD4 + T cell counts (0,25 Giga/L), a short period of rhIL-7 treatment increased and maintained their CD4 + T cell pool above the . 0,5 Giga/L threshold for one year. 27 Such long lasting effects were also observed in lymphopenic cancer patients where T cell 
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counts increased few weeks after the IL-7 cycle and remaind stable. 6, 24, 28 IL-7 therapy could also favor TCR diversity as recently demonstrated in HIV patients. 29 The impact of CYT-107 in the restoring lymphocyte counts and TCR repertoire diversity patients is currently under investigation in MBC in our institution in a randomized Phase II trial (ELYPSE 7 clinical trial, NCT01368107).
Origin of lymphopenia and divpenia. It remains unclear whether lymphopenia and divpenia are the cause or the consequence of tumor aggressiveness. Both parameters could result from the tumor burden and/or dissemination status as well as on host characteristics (patient age or genetic polymorphisms).
As the study enrolled only previously untreated patients, lymphopenia or divpenia do not result from previous exposure to cytotoxic agents as described by others. 30, 31 In the pooled series, lymphopenia correlated with patients' age analyzed as continuous variable (p = 0.04) and PS status (p = 0.001) and an inverse correlation was observed between TCR diversity and age when tested as continuous variables (p = 0.001). Thus reduced thymic function in elderly 32 may contribute to the reduced number and TCR diversity of circulating lymphocytes in tumor bearing patients. In this context, Mackall and colleagues 31 demonstrated the rapid CD4 + T cell pool reconstitution in young cancer patients treated with intensive chemotherapy. In contrast, adults exhibit deficiencies in this pathway suggesting that rapid T cell regeneration requires residual thymic function.
The quantification of total tumor burden at first relapse remains yet difficult to assess but could be evaluated by the number of metastatic sites. Whereas in the pooled cohort, no correlation was observed between lymphopenia and number of metastatic spreading, divpenia strongly correlated with the number of metastatic sites involved (# 3 vs . 3, p , 10 24 ) suggesting association between divpenia and tumor aggressiveness and underlining the independence of the two dimensions of both NDL parameters.
The influence of patients' genetic polymorphisms on lymphocyte counts and diversity in cancer patients remains unknown. Data reported in HIV patients strongly suggest the relevance of genes products involved in T cell proliferation (IL-2, IL-2Rβ, IL2Rc, IL-15, IL-15Ra) or apoptotis (TRAIL, Bim, TNFa and IFNc) in regulating the peripheral T-cell pool size during antiretroviral therapy. Indeed, number of polymorphisms in these genes, alone or in combination, and several haplotypes were found associated with the magnitude of CD4 + T-cell recovery. 33 Analyses of polymorphisms may help to elucidate mechanisms underlying lymphopenia in our study. Lymphopenia and divpenia may result not only from reduced thymic function but also from the destruction of lymphocytes elicited by breast tumor cells expressing pro-apoptotic ligands, 34 a blockade of lymphocyte proliferation via inhibitory molecules (PD-L1) expressed by tumor cells, 35 or a reduced capacity of lymphocytes to respond to TCR stimulation due to an alteration of f chain expression. 36 Soluble factors secreted or induced by tumor cells may also impact systemic lymphopoiesis. Moreover, this lymphopenia could also result from a chronic stimulation of peripheral T cells favored by tumor cells leading to their depletion by activation induced cell death (AICD). 37 In this context, in HIV infection, CD4 + lymphopenia resulted from AICD due to chronic activation of the immune system by HIV infection, endotoxinemia or other cues rather than a direct destruction of infected CD4 + T cells (for review see ref. 38 ). To a lower extent, the mechanism of AICD may also culminate in the loss of expanded specific T cell clones, favoring the appearance of holes in the TCR diversity. In line with this assumption, 36% of lymphopenic patients presented also an altered TCR diversity (lympho-divpenia). Patients with a known HIV disease were excluded from these two studies.
Materials and Methods

Patients
Control healthy subjects used for TCR diversity analyses were recruited on the basis of absence of auto-immune or infectious disease and cancer. Pregnant women, subjects recently vaccinated or on steroids over the last 3 mo were also excluded.
Previously validated prognostic factors were collected to characterize both cohorts (age, menopausal status, performance status (PS), hemoglobin, LDH, neutrophils (PNN), hormonal receptor status (ER, PgR), Her2/neu amplification, metastatic sites and number of metastatic sites).
Peripheral blood samples were collected for full blood count evaluation before initiation of chemotherapy and cryo-preserved (day 0).
Written informed consent was obtained from each patient. The institutional ethics committee approved both study protocols before implementation.
Combinatorial diversity analysis (Multiplexe PCR assay). Human TCR diversity was measured using Human ImmunTraCkeRβ 1 test (ImmunID Technologies; Grenoble, France) on genomic DNA extracted using standard techniques from total peripheral mononuclear cells. Multi-N-plex PCR was performed using an upstream primer specific of all functional members of a given TRBV family and a downstream primer specific of a given TRBJ segment allowing the simultaneous detection of several V-J rearrangements in the same reaction. Twenty-three different reactions allow covering of all (276) the possible rearrangements.
PCR products were generated using iProof enzyme (Bio-Rad) with cycling condition as followed (98°C for 3 min, 98°C for 20 sec, 72°C for 20 sec and 72°C for 3 min 30 sec and reducing the annealing temperature by one degree every cycle until reached 68°C which was then repeated 23 times. Finally one cycle of 10 min at 72°C was performed). PCR reactions were stopped at the exponential step of the PCR. Normalization was performed on the actin gene amplified in the same PCR run. All V-J products, with a maximum amplicon size of~5 kb, were separated according to their size on a 0.8% agarose gel, directly stained with SyberGreen and quantified using a CCD camera (Vilbert Lourmart; France). PCR signals were detected and analyzed using the Constel'ID software (ImmunID Technologies).
Statistical analysis. In order to analyze TCR diversity impact on clinical outcome, the study population was divided into tertiles on the basis of the diversity. The threshold for the first tertile corresponding to # 33% combinatorial diversity was called severe "divpenia."
Furthermore, we built a NDL score assessing the lymphocyte count as a function of the combinatorial diversity. Four NDL scores were defined using , 1 vs. $ 1 Giga/L for lymphocyte count and # 33% vs. . 33% for diversity (Fig. 4) . Patients with lymphopenia and divpenia were called "lympho-divpenia."
Survival analysis. OS was defined as the time from patient's inclusion to the date of death or the date of the last follow-up for alive patients. Survival distributions were estimated by the Kaplan-Meier method. 39 Univariate analysis. To assess the relationship between OS and all relevant biological and/or clinical data, reliable prognostic factors were included in univariate Cox proportional hazard regression model. Prognostic factors commonly used in previous studies (e.g., PS, age, hemoglobin, LDH levels and PNN count) were dichotomized using previously published cutoff. Lymphopenia (, 1 Giga/L vs. $ 1 Giga/L) and TCR divpenia (# 33% vs. . 33%) were also used as dichotomous variables. Candidate prognostic factors with a 0.10 level of significance in univariate analysis were then included in the multivariate analysis.
Multivariate model analysis. Independent prognostic variables of OS were identified by a Cox regression analysis using a backward selection procedure. 40 The added value of NDL in the models was evaluated using a likelihood ratio test (LRT); likelihood scores of the model evaluated with and without the biomarker were compared, considering that lower likelihood scores will indicate better fitting models. 41 All statistical analyses were performed independently by the Léon Bérard Center biostatistic department using SAS v.9.2 package (Cary) and ImmunID Technologies using R (GNU Public).
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